Introduction {#H1-1-ZOI200326}
============

Previous studies have linked attributes of climate change, such as increased frequency of extreme heat, drought, hurricanes, flooding, and wildfires, with both chronic and acute health outcomes.^[@zoi200326r1],[@zoi200326r2]^ However, there is a paucity of data regarding how climate-induced ecological changes, such as vegetation phenology and the timing of spring onset, may affect the burden of allergic diseases.

Phenological events, such as dormancy, bud formation, and flowering among temperate deciduous trees, are related to environmental cues, including photoperiod and temperature.^[@zoi200326r3],[@zoi200326r4]^ While the photoperiod at a given location remains the same, the temperature cue has undergone considerable change during the past several decades in response to climate change.^[@zoi200326r3]^ Using historical records of in situ observations, previous studies have shown that such increases in temperature are associated with earlier onset of spring events, including bud burst, leaf-out, and flowering, across the northern hemisphere.^[@zoi200326r5],[@zoi200326r6],[@zoi200326r7],[@zoi200326r8],[@zoi200326r9],[@zoi200326r10],[@zoi200326r11],[@zoi200326r12]^ These studies suggest that flowering dates have advanced by 2 to 10 days per 1-°C increase in mean temperature,^[@zoi200326r5],[@zoi200326r6],[@zoi200326r7]^ with more pronounced changes observed among species that bloom earlier in the spring.^[@zoi200326r13],[@zoi200326r14]^ Others have used Earth system observations to link increasing temperature with earlier onset of start of spring (SOS) in large geographic areas covered with temperate deciduous forest.^[@zoi200326r15],[@zoi200326r16],[@zoi200326r17]^ While the methods of studies that used historical records of in situ observations made at the individual plant-species level are distinctly different from those based on remote sensing observations of ecosystems or regions, both sets of studies clearly point to a direct association between increasing temperature and earlier SOS in the northern hemisphere. Others have suggested such phenological changes to be the most sensitive indicator of ecological response to climate change.^[@zoi200326r6],[@zoi200326r18],[@zoi200326r19],[@zoi200326r20],[@zoi200326r21]^

Springtime phenological events, such as bud burst and flowering, are tied to the timing of production and release of tree pollen, an important source and trigger of springtime allergies.^[@zoi200326r22],[@zoi200326r23]^ Thus, ongoing changes in springtime phenology attributed to climate variability and change can affect exposure dynamics for allergenic tree pollen.^[@zoi200326r22],[@zoi200326r23],[@zoi200326r24],[@zoi200326r25],[@zoi200326r26]^ This is significant because allergenic pollen is among the leading risk factors that is known to worsen asthma symptoms.^[@zoi200326r27],[@zoi200326r28],[@zoi200326r29],[@zoi200326r30],[@zoi200326r31],[@zoi200326r32],[@zoi200326r33]^ Currently more than 26 million US residents live with asthma,^[@zoi200326r34],[@zoi200326r35]^ of whom approximately 50% reported having asthma attacks in the past year.^[@zoi200326r36]^ The burden of asthma on the health care system is substantial, accounting for an estimated 10.6 million physician visits and more than 400 000 discharges from inpatient care, costing the US economy approximately \$56 billion per year in total costs.^[@zoi200326r36],[@zoi200326r37],[@zoi200326r38],[@zoi200326r39]^

A number of studies have hypothesized changes in pollen exposure dynamics as the critical link between climate change--related alterations in springtime flowering phenology and allergic disease burden, including asthma.^[@zoi200326r22],[@zoi200326r26],[@zoi200326r40],[@zoi200326r41],[@zoi200326r42]^ However, to our knowledge, no studies to date have provided quantitative data supporting an end-to-end association between climate change--driven alterations in plant phenology, pollen concentration, and asthma hospitalization. Here we provide empirical evidence supporting an association between changes in timing of SOS and asthma hospitalization (2001-2012) using remote sensing--based plant phenology data and springtime daily hospitalization data.

Methods {#H1-2-ZOI200326}
=======

Hospitalization Data {#H2-1-ZOI200326}
--------------------

Inpatient hospital admission data for asthma (*International Classification of Diseases, Ninth Revision* \[*ICD*-*9*\] principal diagnosis code, 493) were obtained from the Maryland Department of Health. The hospitalization data covered January 2001 through December 2012 for the entire state of Maryland. Our main objective was to investigate how ongoing changes in the timing of SOS are associated with the asthma burden in Maryland, potentially by altering exposure dynamics for tree pollen during spring. Therefore, we only considered springtime hospitalization data (ie, March to May) with an assumption that asthma hospitalization during the summer, fall, or winter seasons would not be affected by tree pollen exposure in the spring. The hospitalization data included county of residence, age, sex, race/ethnicity, and date of hospitalization.^[@zoi200326r43]^ This study followed the Strengthening the Reporting of Observational Studies in Epidemiology ([STROBE](http://www.equator-network.org/reporting-guidelines/strobe/)) reporting guideline. The institutional review boards at the University of Maryland, College Park, and the Maryland Department of Health approved the use of data. The requirement for informed consent was waived because the study involved deidentified information only.

Phenology Data {#H2-2-ZOI200326}
--------------

We downloaded the phenology product, derived using the National Aeronautics and Space Administration's Moderate Resolution Imaging Spectroradiometer observations, from USGS.^[@zoi200326r44]^ The phenology product we used was derived from time series data of normalized difference vegetation index (NDVI), as described previously.^[@zoi200326r45],[@zoi200326r46]^ Product developers excluded poor-quality observations, including cloud contaminated pixels, and applied smoothing functions to improve the raw NDVI time series data.^[@zoi200326r46]^ We designated SOS when the NDVI time series data showed a notable increase in positive slope in spring.^[@zoi200326r45]^ Because the spring season in Maryland comprises March to May, SOS values outside this range (ie, June to February) were excluded. Likewise, deciduous trees are the primary source of tree pollen in Maryland during spring. Thus, we used the National Land Cover Database 2006 with 250 m spatial resolution^[@zoi200326r47]^ to exclude areas covered with evergreen forest, mixed forest, shrub, and grassland. This process can mitigate the effect of the heterogeneity of land cover types on SOS. We used all pixel values within a county boundary covered with deciduous forest to calculate median SOS values for a given year. We then used these annual SOS values for the period from 2001 to 2010 to calculate a 10-year median SOS value (ie, day of year) for each county in Maryland. Finally, we calculated yearly deviation from the median value by subtracting yearly SOS for each county (2001-2012) from their respective 10-year median value.

Because speciated pollen data for Maryland were not available during the study period, we used pollen monitoring data from eastern Canada, provided by Aerobiology Research Laboratories, to evaluate the association between timing of spring onset in Eastern Canada, determined using satellite observations, and tree pollen dynamics in the same area. To achieve this, we used pollen data (2001-2012) from 5 monitoring stations located in the Canadian cities of Kingston (44° N), Ottawa (45° N), Montreal (45° N), Sherbrooke (45° N), and Quebec (47° N) and determined the length of the pollen season for birch, oak, and poplar pollen, as described previously.^[@zoi200326r23]^ We then compared these pollen season lengths across SOS deviations observed at the same location as the pollen monitor. We chose northeast Canada because of the availability of speciated pollen data collected by investigators at Aerobiology Research Laboratories during the past 20 years and the abundance of deciduous forest, which is also present in Maryland.

Statistical Analysis {#H2-3-ZOI200326}
--------------------

We investigated the association between deviation in SOS and asthma hospitalization in Maryland using 2 types of models. First, we used a general additive model (quasi-Poisson), which included deviation in SOS as a continuous predictor to characterize the shape of the exposure response curve. We then used a mixed-effect model (negative binomial), which included deviation in SOS as a categorical variable, as follows: very early (ie, \>10 days early), early (3-10 days early), normal (3 days early to 3 days late), and late (\>3 days late). In both cases, we performed univariate and multivariate analysis, with the multivariate models adjusted for seasonal concentration of particulate matter with an aerodynamic diameter less than 2.5 μm, number of extreme heat events, and county-level poverty rate, based on the 2012 American Community Survey. We also stratified the analysis by age group, race/ethnicity, and urban/rural status. All analyses were performed at the county level. All statistical analyses were conducted using R statistical software version 3.5.0 (R Project for Statistical Computing). Statistical significance was set at *P* \< .05.

Results {#H1-3-ZOI200326}
=======

Of 108 358 overall asthma hospitalizations in Maryland from 2001 to 2012, 29 257 (27.0%) occurred during springtime ([Table 1](#zoi200326t1){ref-type="table"}). Most patients were women (17 877 \[61.1%\]), lived in urban areas (25 833 \[88.3%\]), and were non-Hispanic black (14 379 \[49.1%\]) or non-Hispanic white (12 151 \[41.5%\]) individuals. The springtime hospitalization pattern was similar to the overall hospitalization pattern across demographic characteristics, including age, race/ethnicity, sex, and urbanization ([Table 1](#zoi200326t1){ref-type="table"}). The actual rates were slightly higher during the spring season, particularly among patients aged 4 years or younger (37.9 per 10 000 overall vs 40.9 per 10 000 during spring) and 65 years or older (24.1 per 10 000 overall vs 27.7 per 10 000 during spring). We observed considerable variability in the timing of SOS across the 24 counties (25 days early to 3 day late) in a given year as well as overall variability across the 12-year period (25 days early to 11 days late) (eFigure in the [Supplement](#note-ZOI200326-1-s){ref-type="supplementary-material"}).

###### Demographic Characteristics of the Study Population

  Characteristic   Total population, No. (%) (N = 5 785 496)   Asthma hospitalizations during 12-y period                          
  ---------------- ------------------------------------------- -------------------------------------------- ------ --------------- ------
  Age, y                                                                                                                           
  0-4              365 258 (6.3)                               16 620 (15.3)                                37.9   4478 (15.3)     40.9
  5-17             985 445 (17.0)                              15 274 (14.1)                                12.9   4363 (14.9)     14.8
  18-64            3 719 067 (64.3)                            55 725 (51.4)                                12.5   14 466 (49.4)   13.0
  ≥65              715 726 (12.4)                              20 738 (19.1)                                24.1   5949 (20.3)     27.7
  Race/ethnicity                                                                                                                   
  Hispanic         472 285 (8.2)                               2933 (2.7)                                   5.2    845 (2.9)       6.0
  Non-Hispanic                                                                                                                     
  Black            1 675 532 (29.0)                            54 635 (50.4)                                27.2   14 379 (49.1)   28.6
  White            3 163 295 (54.7)                            43 910 (40.5)                                11.6   12 151 (41.5)   12.8
  Other            474 384 (8.2)                               3328 (3.1)                                   5.8    921 (3.1)       6.5
  Unknown          NA                                          3552 (3.3)                                   NA     961 (3.3)       NA
  Sex                                                                                                                              
  Women            2 986 621 (51.6)                            66 295 (61.2)                                18.5   17 877 (61.1)   20.0
  Men              2 798 875 (48.4)                            42 062 (38.8)                                12.5   11 379 (38.9)   13.6
  Urbanization                                                                                                                     
  Rural            658 321 (11.4)                              12 668 (11.7)                                16.0   3424 (11.7)     17.3
  Urban            5 127 175 (88.6)                            95 690 (88.3)                                15.6   25 833 (88.3)   16.8

Abbreviation: NA, not applicable.

The overall association between changes in timing of SOS and risk of asthma hospitalization in Maryland was obtained using a generalized additive model ([Figure 1](#zoi200326f1){ref-type="fig"}). Very early and late onset of SOS was associated with an increased risk of springtime asthma hospitalization, with a noted dip (protective effect) in the exposure response function for SOS deviation of −6 to 0 days. [Figure 1](#zoi200326f1){ref-type="fig"} also shows that the overall deviation in SOS ranged from −25 to 11 days, meaning the absolute magnitude of negative SOS deviation (ie, early onset of spring) was higher (ie, 25 days early) compared with the positive SOS deviation (ie, 11 days late). We further analyzed the data using a mixed-effect model, in which deviation in SOS was divided into 4 categories (ie, very early, early, normal, and late). In the unadjusted model, both very early (incident rate ratio \[IRR\], 1.17; 95% CI, 1.07-1.28) and late (IRR, 1.07; 95% CI, 1.00-1.15) SOS were associated with an increased risk of asthma hospitalization ([Table 2](#zoi200326t2){ref-type="table"}). When the analysis was adjusted for extreme heat events and concentration of particular matter with a diameter less than 2.5 μm during the spring season (model 2), the risk of asthma hospitalization remained significant for very early SOS (IRR, 1.10; 95% CI, 1.02-1.20); however, late SOS was no longer associated with risk (IRR, 1.03; 95% CI, 0.97-1.11) ([Table 2](#zoi200326t2){ref-type="table"}). Further adjustment for poverty level in model 3 did not change our results ([Table 2](#zoi200326t2){ref-type="table"}).

![Regression Coefficient for Association of Deviation in Start of Spring (SOS) With Risk of Asthma Hospitalization in Maryland, 2001 to 2012\
Shaded areas represent 95% CIs.](jamanetwopen-3-e207551-g001){#zoi200326f1}

###### IRRs for Deviation in Start of Spring and Asthma Hospitalization in Maryland During 2001 to 2012

  Covariate               IRR (95% CI)                          
  ----------------------- ------------------ ------------------ ------------------
  Phenology                                                     
  Normal                  1 \[Reference\]    1 \[Reference\]    1 \[Reference\]
  Very early              1.17 (1.07-1.28)   1.10 (1.02-1.20)   1.10 (1.01-1.20)
  Early                   0.96 (0.89-1.03)   0.95 (0.88-1.03)   0.95 (0.88-1.04)
  Late                    1.07 (1.00-1.15)   1.03 (0.97-1.11)   1.03 (0.97-1.11)
  Extreme heat event      NA                 1.00 (0.99-1.01)   1.00 (0.99-1.01)
  PM~2.5~ concentration   NA                 0.94 (0.87-1.03)   0.94 (0.87-1.02)
  Poverty                 NA                 NA                 1.05 (1.02-1.08)

Abbreviations: IRR, incidence rate ratio; NA, not applicable; PM~2.5~, particulate matter with an aerodynamic diameter less than 2.5 μm.

Model 1 was unadjusted.

Model 2 was adjusted for extreme heat event and PM~2.5~ concentration.

Model 3 was additionally adjusted for poverty.

We stratified the analysis to investigate whether the association between changes in the timing of SOS and asthma hospitalization varied across sex, age group (ie, 5-17, 18-64, and ≥65 years), race (ie, white and black), and urban and rural areas ([Figure 2](#zoi200326f2){ref-type="fig"}). Across all categories, very early onset of SOS was associated with increased risk of asthma hospitalization. The risk associated with the late onset of SOS was less consistent, with significantly increased risk observed among women (IRR, 1.09; 95% CI, 1.02-1.17), those aged 18 to 64 years (IRR, 1.10; 95% CI, 1.02-1.19), those aged 65 years and older (IRR, 1.22; 95% CI, 1.09-1.41), black individuals (IRR, 1.13; 95% CI, 1.03-1.24), and urban populations (IRR, 1.14; 95% CI, 1.05-1.22) ([Figure 2](#zoi200326f2){ref-type="fig"}).

![Stratified Analysis for Changes in Timing of Spring Onset and Risk of Asthma Hospitalization in Maryland, 2001 to 2012](jamanetwopen-3-e207551-g002){#zoi200326f2}

We observed that very early SOS in eastern Canada was associated with increased pollen season length for birch and oak pollen (birch: mean \[SD\] difference, 4.6 \[7.1\] days; *P* = .01; oak: mean \[SD\] difference, 11.6 \[12.9\] days, *P* = .001) in the same area ([Figure 3](#zoi200326f3){ref-type="fig"}). Likewise, very late SOS was associated with shortened pollen season length for birch (mean \[SD\] difference, 9.1 \[7.8\] d; *P* \< .001) but not for oak.

![Changes in Pollen Season Length Across Categories of Deviation in Start of Spring\
The center line represents the median value, with upper and lower edges of the box representing the 75th and 25th percentile value, respectively. The whiskers represent the highest and the lowest values, excluding the outliers, which are indicated by dots.](jamanetwopen-3-e207551-g003){#zoi200326f3}

Discussion {#H1-4-ZOI200326}
==========

Previous studies have suggested that plant phenology, such as timing of SOS, may be the most sensitive indicator of ecological response to climate variability and change.^[@zoi200326r6],[@zoi200326r18],[@zoi200326r19],[@zoi200326r48]^ Here, we showed that very early spring onset is associated with increased risk of asthma hospitalization in Maryland. This risk was consistent across age, race, and urban and rural categories. We also observed a higher risk of asthma hospitalization with late onset of spring, although only among selected subgroups (women, adults, black individuals, and urban residents).

A potential explanation for this association is that changes in the timing of spring onset alter tree pollen dynamics, including start, end, and length of pollen season, as well as the timing and intensity of peak pollen concentration during the spring season. Changes in timing of SOS are associated with changes in tree pollen dynamics, including timing of start and peak pollen concentration and pollen season length. These findings led us to hypothesize that the increased risk of springtime asthma hospitalization associated with changes in timing of SOS is mediated through tree pollen dynamics, ie, early spring onset lengthens tree pollen exposure while late spring onset may increase peak pollen concentration because different species of trees bloom simultaneously in response to delayed SOS. Under this scenario, the duration of the pollen season may be short, but the actual ambient concentration can be significantly higher because of simultaneous bloom. Future studies using asthma hospitalization and extensive pollen monitoring data from the same area are needed to confirm this mechanistic pathway.

Most previous studies investigating the association between climate change and impaired health have focused on direct as well as indirect health effects related to the increased frequency of extreme heat and precipitation events, changes in air quality and vector distribution, and foodborne and waterborne illnesses.^[@zoi200326r1],[@zoi200326r2]^ Studies suggesting a direct link between climate change and the burden of allergic diseases have done so based on 3 different sets of thematic observational studies that have linked increased CO~2~ concentrations with higher pollen production, warmer air and surface temperatures with early SOS and longer pollen seasons, and higher pollen exposures with increased risk of asthma hospitalizations.^[@zoi200326r5],[@zoi200326r6],[@zoi200326r7],[@zoi200326r15],[@zoi200326r16],[@zoi200326r17],[@zoi200326r28],[@zoi200326r29],[@zoi200326r49],[@zoi200326r50],[@zoi200326r51]^ While these are highly plausible hypotheses, to our knowledge, our study is the first that closes this loop by providing empirical evidence associating changes in the timing of spring flowering phenology related to climate variability and change with pollen dynamics and asthma hospitalization risk. We further provide evidence associating changes in spring flowering phenology with pollen season length, although this evidence is not from the same location. Our findings regarding increased risk of asthma hospitalization are consistent with our previous work,^[@zoi200326r52]^ which found that changes in SOS were associated with increased prevalence of hay fever in the contiguous United States. However, this previous study was based on self-reported prevalence of hay fever during a 12-month period. As such, the exact date of symptom onset was unknown, which precluded us from establishing temporality between exposure and outcome. The use of asthma hospitalization in the current study overcomes the limitation regarding unknown date of symptom onset, given that the hospitalization likely followed asthma exacerbation within a short interval.

Strengths and Limitations {#H2-4-ZOI200326}
-------------------------

There are several strengths of this study, including our relatively large sample size (29 257 springtime asthma hospitalizations) that spanned 12 years. Our use of relative change in the timing of SOS rather than the actual date minimizes the uncertainties in NDVI data that may vary by location, depending on the vegetation type and spatial coverage. Likewise, we only considered deciduous vegetation coverage, which allowed us to exclude changes in greenness associated with agricultural activity or other vegetation types, which do not contribute to pollen exposure during spring.

Our study has several limitations as well. For example, there may not be a complete temporal alignment between exposure (changes in phenology date) and spring hospitalization records, given that the latter include all hospitalizations between March and May. It should be noted that during the 12-year study period, 2010 had the highest number of county-years during which spring onset was 10 days early. While we adjusted for extreme heat events and air pollution levels, it remains unclear how additional unmeasured confounders associated with this particular year may explain some of the findings we observed. It is worth noting that additional sensitivity analysis excluding 2010 data did not change our overall findings. We were unable to account for the severity of the influenza season, given that we did not have county-level influenza data dating back to 2001. While our hospitalization data are from Maryland, we had to rely on pollen data from eastern Canada to evaluate whether changes in timing of spring onset were in fact associated with pollen dynamics, including start and length of pollen season as well as timing and intensity of peak pollen concentration. This was out of necessity because Maryland does not have speciated pollen data. Because of privacy concerns, hospitalization data were available to us at the county level. Future studies need to consider finer geographic scales for analysis, given that there can be heterogeneity in the timing of spring onset within a county, particularly if it includes urban centers as well as suburban and rural locations. Such studies should include larger and more diverse geographic regions and longer periods to further identify underlying population vulnerability as well as geographic variability in risk. Similarly, future studies should also include additional health outcomes that are not associated with pollen exposure as negative controls to ensure that other temporal factors are not responsible for the observed association between changes in spring phenology and asthma hospitalization.

Conclusions {#H1-5-ZOI200326}
===========

To our knowledge, this study has provided the first empirical evidence that changes in the timing of spring onset related to ongoing climate variability and change are associated with increased risk of asthma hospitalization. Our results serve as a wake-up call to patients with asthma as well as public health professionals regarding the need to anticipate and adapt to the ongoing changes in the timing of the spring allergy season. Our findings also highlight the opportunity for leveraging readily available satellite observations to inform location-specific, personalized early warning systems to minimize asthma burden.
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**eFigure.** Timing of Spring Onset in the 24 Counties in Maryland During 2001 to 2012
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Click here for additional data file.
